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Preface 



This book outlines physically intuitive concepts and theories for students, 
engineers, and scientists who will be engaged in research in nanophotonics 
and atom photonics. The main topic is the optical near field, i.e., the thin 
film of light that is localized on the surface of a nanometric material. In the 
early 1980s, one of the authors (M. Ohtsu) started his pioneering research 
on optical near fields because he judged that nanometer-sized light would be 
required to shift the paradigm of optical science and technology. This field 
of research did not exist previously, and was not compatible with trends in 
optical science and technology. However, he was encouraged by the knowledge 
that scientists in other countries started similar research in the mid 1980s. 

In the 1990s, optical technology progressed very rapidly and the pho- 
tonics industry developed, but further progress became difficult due to the 
fundamental limit of light known as the diffraction limit. However, there was 
a growing awareness among scientists and engineers that this limit can be 
overcome using optical near fields. Since a drastic paradigm shift in the con- 
cepts of optics is required to understand the intrinsic nature of optical near 
fields, the demand for a textbook on this subject has increased. The present 
book aims to meet this demand. 

Most scientists and engineers believe that optical near fields can only 
be applied to microscopy. Therefore, this field of applications has been called 
near-field optics. However, applications to microscopy never exploit the essen- 
tial nature of optical near fields. Although this book discusses the application 
to microscopy as a simple topic in order to guide beginners in the study of 
optical near fields, the main purpose here is to justify a much wider claim, i.e., 
that the essence of utilizing optical near fields is to realize novel nanometric 
processing, function, and manipulation by controlling an intrinsic interaction 
between nanometer-sized optical near fields and material systems or atoms. 
This has not been realized by conventional optical science and technology. 
M.O. refers to the novel optical science and technology in nanometric and 
atomic regions as nanophotonics and atom photonics, respectively. As long as 
this more fundamental aspect exists, realizing nanometer-sized optical science 
technology beyond the diffraction limit is no more than a by-product. 

The book neither reviews formulae for numerical calculations nor intro- 
duces experimental results on microscopy. It describes physically intuitive 
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theories in three separate parts. Appendices A-D provide supplementary ex- 
planations. 

Chapters 1-3 review the background, history, and present status of re- 
search and development in optical near fields. Chapter 1 reviews the history 
of optics and early progress in photonics, i.e. , applications of lasers to optical 
disk memory, optical fiber communication, and optical microfabrication. It 
shows how progress in photonics reached a deadlock due to the diffraction 
limit. Chapter 2 describes how to end this deadlock and realize nanophoton- 
ics for the requirements of the 21st century. This is possible by generating 
and utilizing optical near fields and the principles for doing so are described 
in this chapter. These reviews introduce the theoretical discussions later in 
the book. Chapter 3 discusses the practical aspects of the novel science and 
technology related to optical near fields. It also describes the structure and 
performance of probes, which are key devices for generating or detecting op- 
tical near fields. The present status of research and development is reviewed, 
including applications to microscopy, spectroscopy, fabrication, optical disk 
memory, and atom manipulation. Finally, this chapter overviews possible 
trends in the novel fields of optical science that will be founded by exploiting 
optical near fields. 

Chapters 4-8 provide the theoretical basis for optical near fields. They 
describe a theoretical model for the electromagnetic interaction between two 
or more nanometric material systems located in proximity. Although one can 
derive some information on optical near fields by simultaneously solving the 
approximated Maxwell and Schrodinger equations, this derivation requires 
numerical calculations with a very long computation time. Although numer- 
ical results are possible, it is very difficult to obtain an intuitive physical 
picture of the physics of optical near fields. In order to overcome this diffi- 
culty, these four chapters are devoted to reviewing theoretical models that 
offer intuitive concepts for analyzing the physical meaning of optical near 
fields and relevant experimental results. 

Chapter 4 presents the simplest theoretical model to describe the phenom- 
ena presented in Chap. 2. It imposes a condition on the size of the material 
systems in which optical near fields are investigated. Under this condition, 
the basic role of a probe is described from the viewpoint of a dipole-dipole 
interaction. The characteristics of fiber probes, which depend on their shape 
and composition, are also discussed. 

Chapter 5 deals with a single atom or molecule as a nanometric material 
system to investigate its basic spectral properties. If a conducting or dielectric 
probe approaches the nanomaterial, the emission properties of the atom or 
molecule are substantially modified. This phenomenon is discussed by dealing 
with the atom or molecule as an oscillating electric dipole moment. After 
presenting the basic concepts, an analytical method is given in which the 
probe tip is approximated as a planar mirror. The results of a quantum 
mechanical approach are also described. 
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Chapter 6 discusses the effect of multiple scattering for the more precise 
investigation of optical near fields. A propagator, i.e., the transfer function, 
is derived, in order to evaluate the electric field at an arbitrary position 
generated by a light source at another position. The result of this derivation 
is applied to near-field optical microscopy. 

In Chap. 7, by introducing a dual vector potential and a scalar potential, 
the basic formulae of electromagnetics are transformed and a novel theoretical 
model is presented. This model is put to use for a systematic analysis of 
several cases. In the first case, the near-field condition is met, i.e., the sizes of 
the material systems under study and their separation are sufficiently smaller 
than the wavelength of the incident light. The second case is the quasi-near- 
field condition, i.e., the near-field condition is not met with sufficiently high 
accuracy. 

Chapter 8 presents a quantum mechanical model and a new approach 
based on a projection operator method to describe the interaction between 
nanometric material systems via optical near fields. This model can also be 
used to describe the interaction between an atom and a probe, and its appli- 
cation to atom photonics is discussed in the last two chapters of the book. An 
outstanding advantage of this model is its ability to describe systematically 
the light-matter interactions in nanometric material and atomic systems. 
This is because the model is based on concepts developed in the fields of 
elementary particle physics, statistical mechanics, quantum chemistry, and 
quantum optics. Furthermore, the model provides an intuitive physical pic- 
ture in which the localized optical near fields can be described as an electron 
cloud localized around an atomic nucleus. 

Utilizing the theoretical basis presented in Chaps. 4-8, Chap. 9 discusses 
the possibility of creating new fields in nanophotonics and atom photonics, 
to shift the paradigm of optical science and technology. 

Chapters 1-7, and 9 were written by M. Ohtsu, whilst Chaps. 8 and 9 
were by K. Kobayashi. Both authors checked the whole manuscript. The au- 
thors thank Drs. H. Hori, I. Banno (Yamanashi University), Drs. T. Saiki, 
S. Mononobe, R. Uma Maheswari, K. Kurihara, M. Ashino, M. Naya, J.D. 
White, K. Matsuda, N. Hosaka (Kanagawa Academy of Science and Tech- 
nology), Drs. G.H. Lee, V. Polonski, T. Yatsui, T. Kawazoe, T.W. Kim, H. 
Aiyer, S. Sangu, K. Totsuka, S.M. Iftiquar, A. Shojiguchi (Japan Science and 
Technology, Corp.), Drs. H. Ito, M. Kourogi, A. Zvyagin, H. Fukuda, S.J. 
Lee, Y. Yamamoto, and H. Takamizawa (Tokyo Institute of Technology) for 
their collaboration in conducting the research on nanophotonics and atom 
photonics, and preparing the manuscript for the book. They also extend spe- 
cial thanks to Drs. T.W. Kim, S. Sangu, T. Yatsui, S.J. Lee, and H. Aiyer 
for their critical readings and comments on the manuscript. 

They gratefully acknowledge Dr. T. Asakura, editor of the Springer Se- 
ries in Optical Sciences and Professor Emeritus at Hokkaido University, who 
recommended the publishing of this book. Finally, they wish to express their 
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gratitude to Dr. C. Ascheron of Springer- Verlag, for his guidance and sug- 
gestions throughout the preparation of this book. 

Yokohama, Kanagawa, Motoichi Ohtsu 

Machida, Tokyo, Kiyoshi Kobaycishi 

September 2003 




Contents 



1 Deadlocks in Conventional Optical Science 

and Technology 1 

1.1 Progress in Optics 1 

1.2 Major Photonics Technologies and Their Limits 2 

1.2.1 Optical Disk Memory System 2 

1.2.2 Optical Fiber Communication 4 

1.2.3 Optical Microfabrication 5 

1.3 Origin of Limits: Diffraction of Light 6 

Problems 9 

2 Breaking Through the Diffraction Limit 

by Optical Near Field 11 

2.1 Generation of Optical Near Field 11 

2.2 Detection of Optical Near Field 19 

Problems 24 

3 Past and Present of Near-Field Optics 25 

3.1 History and Progress 25 

3.2 Probe Technology 26 

3.3 Development of Nanophotonics Using Optical Near Fields ... 31 

3.3.1 Microscopy 31 

3.3.2 Spectroscopy 35 

3.3.3 Fabrication 38 

3.3.4 Optical Disk Memory 41 

3.3.5 Extending Applications: Toward Atom Photonics 41 

3.4 New Areas of Optical Science Exploiting Optical Near Fields . 47 

Problems 51 

4 Dipole— Dipole Interaction Model of Optical Near Field ... 53 

4.1 Near-Field Condition for Detecting Scattered Light 53 

4.2 Role of Probes 56 

4.2.1 Strength of Dipole Interaction 56 

4.2.2 Signal Intensity and Resolution 60 

4.2.3 Contrast to Background Light 62 

4.2.4 Dependence on Incident Light Polarization 63 




X 



Contents 



4.3 Characteristics of Fiber Probes 69 

4.3.1 Visibility and its Dependence on Cone Angle 69 

4.3.2 Effect of Coating an Opaque Film 73 

4.3.3 Sensitivity 74 

Problems 75 

5 Electrodynamics of Oscillating Electric Dipoles 77 

5.1 Oscillating Electric Dipoles in Free Space or in a Cavity 77 

5.1.1 Oscillating Electric Dipole in Free Space 77 

5.1.2 Oscillating Electric Dipole in a Cavity 78 

5.2 Oscillating Electric Dipoles in Front of a Planar Mirror 79 

5.3 Cavity Quantum Electrodynamics 

of Oscillating Electric Dipoles 83 

Problems 84 

6 Self-Consistent Method Using a Propagator 87 

6.1 Propagator 87 

6.1.1 Propagator in Free Space 87 

6.1.2 Propagator in Close Proximity to a Planar Substrate . 90 

6.2 Application 

to Collection-Mode Near-Field Optical Microscopy 91 

6.2.1 Formulation 92 

6.2.2 Example Applications 94 

Problems 96 

7 Picture of Optical Near Field 

Based on Electric Charges Induced on the Surface 

and Polarized Currents 97 

7.1 Description under Near-Field Condition 97 

7.1.1 Derivation of Electric Field 

Based on Static Electromagnetism 97 

7.1.2 Signal Intensity Detected by a Fiber Probe 101 

7.2 Systematic Description of Optical Near and Far Fields 102 

7.2.1 Dual Vector Potential 103 

7.2.2 Dual Ampere Law 104 

Problems 108 

8 Picture of Optical Near Field 

as a Virtual Cloud Around a Nanometric System 
Surrounded by a Macroscopic System 109 

8.1 Basic Concept 109 

8.2 Effective Interaction Between Sample and Probe Ill 

8.3 Optical Near Field and its Characteristics 117 

Problems 120 




Contents 



XI 



9 Application to Nanophotonics and Atom Photonics 121 

9.1 Energy Transfer Between Molecules 

and Application to Optical Near-Field Measurement 121 

9.1.1 Radiative Energy Transfer 121 

9.1.2 Non-Radiative Energy Transfer 123 

9.2 Atom Manipulation 125 

9.2.1 Formulation by Conventional Theory 125 

9.2.2 Deflecting and Trapping an Atom 
Using the Optical Near Field 

Generated at a Fiber Probe Tip 131 

9.3 Nanophotonic Switching 138 

9.3.1 Interaction and Energy Transfer 

Between Quantum Dots via Optical Near Field 140 

9.3.2 Principle and Operation of a Nanophotonic Switch . . . 143 

9.3.3 Experiments to Confirm Nanophotonic Switching 147 

Problems 150 

A Basic Formulae of Electromagnetism 151 

A.l Maxwell’s Equations and Related Formulae 151 

A. 1.1 Static Electric and Magnetic Fields 151 

A. 1.2 Dynamic Electric and Magnetic Fields 153 

A. 1.3 Electromagnetic Fields 

Generated by an Electric Dipole 154 

A. 1.4 Power Radiated from an Electric Dipole 157 

B Refractive Index of a Metal 159 

C Exciton— Polariton 161 

D Derivation of Equations in Chapter 8 165 

D.l Derivation of (8.1) 165 

D.2 Derivation of (8.2) 169 

D.3 Derivation of (8.3) 170 

D.4 Projection Operator Method and Derivation of (8.5) 172 

D.4.1 Definition of a Projection Operator 172 

D.4. 2 Derivation of an Effective Operator 173 

D.5 Approximation of J in (8.5) by J ( ' 1 ' 1 176 

D.6 Derivation of (8.9) 178 

D.7 Derivation of (8.12) 179 

Solutions to Problems 183 

References 197 



Index 



201 




1 Deadlocks in Conventional Optical Science 
and Technology 



The present chapter starts by reviewing the history of optics in Sect. 1.1. Then 
Sect. 1.2 describes early progress in photonics, i.e., applications of lasers to 
optical disk memory, optical fiber communication, and optical microfabrica- 
tion. Finally, Sect. 1.3 shows how progress in photonics reached a deadlock 
due to the diffraction of light. 



1.1 Progress in Optics 

The history of optics is a long one. Even as early as the 17th century, Isaac 
Newton studied the nature of light and proposed the particle model of light 
[1.1]. This resulted in his long dispute with Robert Hooke and Christiaan 
Huygens who proposed the wave model of light. However, Newton also in- 
tensively studied the characteristics of an interference fringe called Newton’s 
ring, showing that he also paid attention to the wave property of light. This 
implies that his main interest cannot have been to discuss whether the na- 
ture of light is a particle or a wave, but was rather to treat light as a particle 
and/or a wave depending on the property manifested. On the other hand, 
although Thomas Young supported the wave theory, he claimed that optical 
interference cannot prove the validity of the wave theory. These historical 
aspects suggest that both Newton and Young were aware of the fact that it 
was difficult to elucidate the particle model and the wave model separately. 

Through these arguments over the nature of light described above, the 
idea arose that light might have both properties, those of a particle and those 
of a wave, i.e., the notion of the duality of light was born. Accordingly, light 
exhibits a particle-like nature through its energy, while it exhibits a wavelike 
nature through its phase. The problem is to discuss which property of light 
manifests itself, rather than to identify the nature of light. From these discus- 
sions, it was found that a quantum theory is required to describe the various 
aspects of the properties of light, including the problem of measurement. 

Today, quantum theory claims that light has both the properties of a par- 
ticle and the properties of a wave. Light is thus called a photon. When light 
behaves as a wave, it has a wavelength A (period of spatial repetition) and a 
frequency v (a number of oscillations per unit time). These are inversely pro- 
portional to each other, i.e., they are related by A = c/^, where c is the speed 
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of light. When light exhibits a particle-like nature, its energy is a multiple 
of hu, where h is Planck’s constant with the value of 6.626176 x 10 -34 .Is. 1 
Therefore, from the energy viewpoint, being a fundamental physical quan- 
tity, only the frequency v is a significant quantity, even though A is inversely 
proportional to v. 

Concerning the progress of quantum theory and its applications, a novel 
light source known as the laser was invented in 1960 [1.2]. The use of lasers 
has led to a dramatic change in optical science and technology, and its inven- 
tion has been evaluated as one of the biggest scientific events in the twentieth 
century, on a par with the invention of the transistor. It can be claimed that 
the laser is an artificial light source invented by utilizing the accumulated 
scientific and technological resources of modern science and technology. The 
laser can be regarded as an ideal light oscillator with unique properties, com- 
pletely different from those of a white light source or thermal radiation source 
such as the sun, a flash lamp, or a light bulb. It is the source of a sinusoidally 
oscillating electromagnetic wave, similar to conventional lower- frequency elec- 
tronic oscillators. Laser light therefore exhibits far more remarkable proper- 
ties than light emitted from conventional sources [1.3], i.e., high directivity, 
high spatial and temporal coherence, high power density, and high brightness. 
Further, its amplitude, phase, frequency, and polarization can be controlled 
and modulated very precisely. These considerable control and modulation ca- 
pabilities are inherent advantages of the laser which have not been achieved 
by conventional light sources. Therefore, lasers have found a variety of appli- 
cations. 



1.2 Major Photonics Technologies and Their Limits 

Industrial applications of lasers have been called photonics or opto-electronics. 
Optical disk memory and optical fiber communication systems are reviewed 
here as successful examples in photonics. Photolithography is also discussed, 
used to fabricate the photonic devices that make up these systems. 

1.2.1 Optical Disk Memory System 

A compact disk (CD), popularly used as a read-only memory (ROM), is an 
example of an optical disk memory which has a number of small pits on its 
surface to store digital signals, i.e., one pit corresponds to one bit. In order to 
read out these signals, the disk surface is illuminated by a laser beam which is 
focused by a convex lens, as shown in Fig. 1.1. Detection of laser light power 
reflected from the disk surface corresponds to the readout operation. The 
advantages of this disk system are long lifetime due to non-contact readout, 

The quantity h/ 2ir which is used in Chaps. 8 and 9, where it is represented by Ti 
and called Dirac’s constant. 
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Fig. 1.1. Schematic diagram of an optical disk memory system 




Fig. 1.2. Technical road map showing the increase in storage density of optical 
disk memory 



high density due to the small spot size of the focused laser beam, and low 
noise due to digital signal processing. Random access memories (RAM), e.g., 
digital versatile disks (DVD), have also been developed, where a focused laser 
beam is also used to store and rewrite by heating the disk surface locally. 
Figure 1.2 shows progress in increasing the storage density of optical disk 
memory systems, at the annual increase rate of 30%. 

A report on future trends in photonics technology has recently estimated 
the storage density and readout speed required of optical disk memory in the 
year 2010 [1.4], i.e., lTb/in 2 and 100 Mb/s, respectively. However, the di- 
ameter of the circular pit corresponding to the 1 Tb/in 2 density is as small as 
25 nm, which cannot be fabricated for the reasons to be explained in Sect. 1.3. 
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Fig. 1.3. Schematic diagram of an optical fiber. n co re and n c i a d represent the 
refractive indices of the core and cladding, respectively 



1.2.2 Optical Fiber Communication 

An optical fiber is made from a coaxial silica glass with typical diameter 
125 flm. Its inner and outer parts are called the core (about 3 |im in diameter) 
and the cladding, respectively, as shown in Fig. 1.3. The refractive index 
of the core is higher than that of the cladding and this means that they 
form an optical waveguide for light focusing and low-loss transmission. By 
dehydrating the silica glass, the transmission loss has been reduced to as 
low as 0.2dB/km in the 1.5 |lm wavelength region, which means that the 
transmitted light power decreases only 3.6% even after transmission as far 
as 1 km. As a result, long-distance optical transmission has become possible 
for the submarine optical communication cable system in the Pacific and 
Atlantic oceans. 

The light sources used for optical fiber communication systems are semi- 
conductor lasers with the structure shown in Fig. 1.4. Light is emitted from 
an active layer with typical thickness, width, and length 0.1 |im, 2 |irn. and 
300 |im, respectively. That is, by injecting current into this layer, light is 
emitted by the electronic interband transition from conduction to valence 
bands. The refractive index of the active layer is made higher than that of 
the adjacent cladding layers in order to form an optical waveguide for ef- 
fective propagation of the emitted light. The light propagating through the 
active layer is reflected at the end facets for a round trip, i.e., the two end 
facets work as a cavity resonator. As a result of this round trip, the light is 
confined in the cavity for lasing [1.3]. A part of the lasing light leaks from 
the cavity and is used as the output laser light. The injection current is 
modulated in order to modulate the light power when carrying digital sig- 
nals. To distribute the signals transmitted through the optical fiber to each 
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Fig. 1.4. Schematic diagram of a semiconductor laser 



receiver, optical switching devices have been used. These are composed of 
optical waveguides, semiconductor lasers, and so on. Photonic integrated cir- 
cuits have been developed to integrate these photonic devices on a common 
substrate. 

A report on technological trends in optical fiber communication systems 
using photonics technology has recently estimated the dramatic increase in 
signal transmission rate that will be required in the year 2015 for domestic 
and local photonic networks [1.5]. For example, the numbers of input and 
output channels on an integrated optical switching array must be increased 
to as many as 3000 each in order to meet this requirement. This means that 
the size of each optical switching device must be reduced to the wavelength 
of light or even less in order to keep the integrated switching array as small 
as conventional arrays. However, this size reduction is not possible for the 
reason to be explained in Sect. 1.3. 

1.2.3 Optical Microfabrication 

Research and development of semiconductor microfabrication has been con- 
ducted with the support of national projects. It aims to fabricate ultralarge 
scale integrated circuits for semiconductor dynamic random access memo- 
ries (DRAMs), photonic integrated circuits for optical fiber communication 
systems, and so on. Photolithography has been employed as a tool for micro- 
fabrication, using focused light to process the material surfaces. Fabricated 
sizes have been reduced rapidly using short wavelength light. For example, 
it has become possible to fabricate linear patterns of 100 nm width using an 
ArF eximar laser as light source (wavelength 196 nm). This will be used for 
mass production of 1 Gb or 4 Gb DRAMs in the near future. 

It is estimated that 64-256 Gb DRAMs will be required in the early 21st 
century, as shown in Fig. 1.5. The linear pattern in these devices must be as 
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Fig. 1.5. Technical road map of the linewidth reduction of patterns fabricated by 
photolithography. Names of light sources and DRAM capacities are also shown. 
EUV and SR stand for extreme ultraviolet light and synchrotron radiation, respec- 
tively 




narrow as 35-70 nm. However, such narrow patterns cannot be fabricated for 
the reason to be explained in Sect. 1.3. In order to make this possible, various 
light sources emitting extreme ultraviolet light, synchrotron radiation and 
X rays, as well as electron beams, are under development. However, they 
may not be feasible in mass production factories because of their large size 
and high cost. Semiconductor industries are expecting advances with novel, 
inexpensive, and practical fabrication tools. 



1.3 Origin of Limits: Diffraction of Light 

The three examples presented in Sect. 1.2 indicate that the society of the 21st 
century requires a novel optical technology in order to fulfill measurement, 
fabrication, control, and function requirements on a scale of several tens of 
nm. Such a technology can be called optical nanotechnology. However, con- 
ventional optical technology cannot meet this requirement. This is due to the 
diffraction limit of light waves. 2 

Figure 1.6 explains the phenomenon of diffraction schematically. A plane 
light wave propagates to a plate. After the light wave passes through a small 
aperture on the plate, it is converted to a diverging spherical wave. Such 
divergence is called diffraction [1.6]. It is an intrinsic characteristic of waves, 

2 For the formulation of diffraction, refer to Problems 1.1 and 1.2 given at the end 
of this chapter. 
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Fig. 1.6. Schematic representation of the diffraction phenomenon of light 



exhibited by acoustic waves, ocean waves, and so on. In the case of a circular 
aperture, the divergence angle is about A /a (radian), where A and a are the 
wavelength of the incident light and the aperture radius, respectively. 3 

Due to this diffraction, the spot size of light cannot be zero even if it is 
focused by a convex lens. This is called defocusing. As shown in Fig. 1.7, the 
spot size on the focal plane is as large as A/NA. 4 Here, the quantity NA is 
the numerical aperture given by n sin 6, where n is the refractive index of the 
medium between the lens and the screen, sin# = {a/2)/ \J f 2 + (a/2) 2 , a is 
the diameter of the circular convex lens, and / is the focal length. The value 
of NA is smaller than unity for conventional convex lenses. 

Therefore, when two point sources of light are located closer together 
than A/NA, their images formed by the convex lens cannot be resolved on 
the focal plane. This also holds true for imaging by an optical microscope. 
Thus, the smallest size resolvable by the optical microscope (i.e., the res- 
olution) is A/NA, which is called the diffraction limit. It is advantageous 
to use shorter wavelength light in order to improve the diffraction-limited 
resolution. Electron microscopes have realized very high diffraction-limited 
resolution because they utilize the short wavelength of the de Broglie wave 
of the electron. However, a disadvantage of the electron microscope is that 
the observable samples are limited to conductors installed in a vacuum, and 
this does not allow one to observe insulators and living biological samples. 

3 This expression is given by (Q1.9) in the solution to Problem 1.1. 

4 This expression is given by (Q1.10) in the solution to Problem 1.2. 



1 Deadlocks in Conventional Optical Science and Technology 



Ray by 

geometrical optics 



Incident light 




i Defocusing 
| ~ A/NA 



Convex lens 



Focal plane 



Fig. 1.7. Schematic representation of residual defocusing 



A laser beam also diverges due to diffraction. Its divergence angle is ex- 
pressed as X/nw (radian), where w is the spot size of the laser beam [1.3]. For 
example, the divergence angle is about 0.3 mrad for A = 1 |im and w = 1 mm, 
which means that the 1 mm spot size of the laser beam becomes as large as 
3 mm after propagating 10 m. Although this size is much smaller than that of 
solar light, flash lamps, and light bulbs, it gives undesirable effects in photonic 
systems. 

In the case of optical disk memory, storage and readout of pits smaller 
than A/NA are not possible. Shorter wavelength lasers have been intensively 
developed in order to decrease the diffraction-limited pit size, i.e., the major 
efforts shown in Fig. 1.2 for increasing storage density have aimed to use 
shorter wavelength light for storage and readout. However, the upper limit 
of the storage density achieved using visible light is several 10Gb/in 2 , while 
the value required in the year 2010 is estimated to be more than ten times 
greater. 

Semiconductor lasers, optical waveguides, and optical switching devices 
have to confine the light within them for effective operations. In the case of 
a semiconductor laser, its active layer has to be larger than the diffraction- 
limited volume, i.e., A 3 , for this confinement. In the case of an optical fiber, 
its core diameter has to be larger than A. These examples mean that the sizes 
of photonic devices cannot be smaller than the wavelength of light, which is 
the diffraction-limited size of the photonic device. However, sizes of photonic 
switching devices for optical fiber communication systems in the year 2015 
must become smaller than the diffraction-limited size. 

The narrowest linewidth of the pattern fabricated by photolithography 
is also limited by diffraction. The progress in decreasing the pattern size 
shown in Fig. 1.5 has been the result of efforts to use shorter wavelength light 
to decrease the diffraction-limited value. However, further shortening of the 
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wavelength requires gigantic and expensive light sources which can become 
prohibitive when developing practical microfabrication systems. For visible 
light sources, the 30-70 nm linewidth for 64-256 Gb DRAMs is far beyond 
the diffraction limit. 

To summarize, miniaturization of optical technology is not possible as 
long as conventional propagating light is used. This is the deadlock imposed 
by diffraction of light. One must go beyond the diffraction limit in order to 
open up a new field of optical technology. This field is called nanophotonics. 



Problems 

Problem 1.1 

In order to estimate the value of the divergence angle due to diffraction, 
Fig. 1.8 shows a slit on a plane E at z = 0, where the width of the slit is 
a. The plane light wave of wavelength A emitted from the light source S is 
incident on E. It can be considered that a point source is generated at the 
point P(x = xi) by this incident light. A spherical lightwave is emitted from 
this source and propagates into the space z > 0. In this context, solve the 
following two problems. 

(a) Derive the light intensity at the point Q (x = X 2 ) in the plane E' at 
z = z. Assume that the angle 4’ between the z-axis and segment PQ is 
negligibly small, and that the distance r between P and Q is much longer 
than A. 

(b) Derive the divergence angle of the light after passing through the slit. 
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Fig. 1.8. Schematic representation of the diffraction of light by a slit 
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1 Deadlocks in Conventional Optical Science and Technology 



Problem 1.2 

Replace the convex lens in Fig. 1.7 by a cylindrical convex lens with width a 
and focal length /. By illuminating this lens with light with wavelength A, 
derive its spot size on the focal plane. 




2 Breaking Through the Diffraction Limit 
by Optical Near Field 



The present chapter describes how to realize nanophotonics for the require- 
ments of the 21st century. This is possible by generating and utilizing an 
optical near field. Sections 2.1 and 2.2 describe the principles for generating 
and detecting the optical near field. These reviews introduce the theoretical 
discussions in Chaps. 4-8. 



2.1 Generation of Optical Near Field 

How can nanophotonics meet the requirements of the 21st century as pre- 
sented in Chap. 1? Since light exhibits both particle and wave properties (see 
Sect. 1.1), one may propose to use the particle property rather than the wave 
property of light. However, this would not appear to be a good answer, be- 
cause the particle property of light reviewed in Sect. 1.1 does not mean that 
light can be confined in a limited space. It means that the energy of light can 
take a discrete value, as is the case for confined electrons. That is, conven- 
tionally used light propagates and spreads in space, i.e., it is not a spatially 
localized particle. Is it then possible to generate spatially localized light? 
The main topic discussed in this book seeks to answer this question. And the 
answer is affirmative. Such light is called an optical near field. 

Figure 2.1 shows how to generate an optical near field on a small sphere S 
with conventionally propagating incident light. Here, it is assumed that the 
radius a of the sphere S is much smaller than the wavelength A of the incident 
light. The scattered light 1 in this figure represents the incident light scattered 
by the sphere S. However, it should be noted that an optical thin film with 
thickness about a is also generated on the surface of the sphere S. This is 
called an optical near field. 1 2 Since a <C A, the volume of this optical near 
field is much smaller than the diffraction-limited value. However, it cannot 
be separated from the sphere S because it is localized on S. 

1 The term ‘optical thin film’ is used only to give an intuitive image of the nature 
of the optical near field. Chapter 9 presents a more appropriate term, i.e., an 
optical cloud localized on the material. 

2 The frequency of the optical near field is equal to that of the incident propagating 
light. 
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2 Breaking Through the Diffraction Limit by Optical Near Field 
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Fig. 2.1. Schematic representation of an optical near field 




Fig. 2.2. Schematic representation of an optical near field generated by a small 
aperture 



As an alternative case, Fig. 2.2 shows that the optical near field is gen- 
erated on a circular aperture with a sub-wavelength diameter. With con- 
ventionally propagating incident light, a hemispherical optical near field is 
generated simultaneously with the scattered light 1 on the aperture, and its 
diameter is close to that of the aperture. In summary, Figs. 2.1 and 2.2 show 
that the optical near field and scattered light 1 are generated by a sphere S or 
an aperture. The scattered light propagates to the far field, and exhibits the 
properties of a light wave as reviewed earlier in Sect. 1.3. In the following, we 
will not consider the light propagating in the far field but focus on the optical 
near field whose size depends on the size of the sphere S or the aperture. 

Why is the thickness of the optical near field about a? This is explained 
using Fig. 2.1. If the sphere S is assumed to be made of a dielectric such as 




